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Abstract
We study the corrections to ǫ′/ǫ in the minimal supersymmetric model at the leading order
in QCD and QED. Supersymmetry can increase the standard model prediction for ǫ′/ǫ by
at most 40% for mt = 174 GeV, an enhancement which is indistinguishable from the present
theoretical uncertainties. The most conspicuous effect of supersymmetry is a strong depletion
of ǫ′/ǫ. For certain choices of supersymmetric parameters, vanishing and even small negative
values of ǫ′/ǫ can be obtained for the top quark in the CDF range.
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1 Introduction
CP violation in the kaon system has always been a fertile field in which to test theories beyond
the Standard Model (SM). At present the situation for ǫ′/ǫ is particularly interesting. The
experimental results from NA31 at Cern [1]
Re ǫ′/ǫ = 23± 6.5× 10−4 (1)
and from E731 at Fermilab [2]
Re ǫ′/ǫ = 7.4± 6.0× 10−4 (2)
are incompatible at the 1-σ level. On the theoretical side, there has been great progress
in reducing the uncertainties in the prediction for ǫ′/ǫ. The full next-to-leading QCD per-
turbative corrections have been computed by two groups [3, 4] and developments in lattice
calculations should soon provide reliable estimates of the hadronic matrix elements.
Given the inconclusive experimental situation and the notable refinement in the SM
calculation for ǫ′/ǫ, the time is right for detailed investigations of ǫ′/ǫ in theories beyond
the SM. If the top quark is indeed as heavy as implied by the CDF measurements [5], the
next-to-leading SM prediction for ǫ′/ǫ sits comfortably in the E731 range, disfavoring the
larger NA31 result. While we await improved experimental statistics, which will resolve
the conflict between eq. (1) and eq. (2), it is now interesting to see if extensions of the SM
can substantially modify the prediction for ǫ′/ǫ and possibly account for the large value
suggested by the NA31 measurement. Furthermore, since the SM prediction for ǫ′/ǫ suffers
a strong accidental cancellation among the different contributions for the top quark in the
range of interest, it is conceivable that even modest new-physics effects will easily stand out
and sizeably modify the final result.
A notable example of study of ǫ′/ǫ in theories beyond the SM is contained in ref.[6]. There,
in the context of the two-Higgs doublet model, a systematic analysis of ǫ′/ǫ including leading
QCD logarithms has been carried out. It was found that the charged Higgs has the effect
of reducing ǫ′/ǫ with respect to the SM prediction. This reduction occurs partly because
of a positive charged-Higgs contribution to ǫ, which suppresses the Cabibbo-Kobayashi-
Maskawa (CKM) CP violating parameter sin δ, and partly because of a new contribution to
electroweak penguin and box diagrams, which enhances the degree of cancellation with the
strong penguin already present in the SM for a heavy top quark.
The aim of this paper is to generalize the analysis of ref.[6] to the case of the minimal
supersymmetric model. Although several analyses of ǫ′/ǫ in the context of supersymmetry
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are already present in the literature [7], a complete study including leading QCD logarithms
has not been performed. In order to attempt such a study, it is necessary to make precise
assumptions regarding the structure of CP violation and flavor-changing neutral currents
(FCNC) in the supersymmetric model. Here we choose to work in a minimal version of the
model, described in more detail in sect. 2, where both CP violation and FCNC are completely
determined by the usual CKM matrix elements. We have several reasons to do this:
i) The corrections to ǫ′/ǫ considered here are fairly generic to all supersymmetric models.
Non-minimal models may contain new CP-violating phases and/or tree-level FCNC, thereby
generating extra contributions to ǫ′/ǫ. These contributions are however strongly model-
dependent.
ii) The minimal version of the supersymmetric model considered here is very predictive,
since CP violation and FCNC are completely determined in terms of only the known CKM
angles and phases.
iii) The effective Hamiltonian below the weak scale can be written in terms of the same
set of operators used in the case of the SM. This greatly simplifies the analysis, since the
anomalous dimension matrix is then completely known at the leading [8] and next-to-leading
[9] order. If, for instance, flavor-changing gluino-mediated interactions were included, new
operators with different chiral structure would appear and a calculation of new elements of
the anomalous-dimension matrix would be required.
Our paper is organized as follows. In sect. 2 we describe the version of the supersymmetric
model under investigation and we establish our notation. In sects. 3 and 4 we give the
formulae for the supersymmetric corrections to ǫ and ǫ′/ǫ. The results of our numerical
investigation are presented in sect. 5. Finally, in sect. 6 we summarize our results.
2 Supersymmetric model with minimal CP and flavor
violation
In general, supersymmetric models have potential sources of new CP violation because of
the presence of unremovable phases in the supersymmetry-breaking terms. However, these
phases are strongly constrained by measurements on the electric dipole moment of the neu-
tron and must be small, typically less than 10−2− 10−3 [7]. Although there is no compelling
theoretical argument which suggests that they are exactly zero, we will make the simplifying
(and often used) assumption that the only CP violation resides in the CKM matrix.
It is also well known that FCNC in supersymmetric models can arise at the tree level,
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since the quark- and squark-mass matrices are diagonalized by different field transformations
[10]. Once the heavy supersymmetric particles are integrated out, one is left with FCNC
involving ordinary quarks, which are induced by one-loop diagrams with squark and gluino
exchange. Their effects are potentially large, since they are O(α2s), as opposed to the stan-
dard model FCNC contributions O(α2W ). The flavor-changing quark-squark-gluino couplings
depend however on the details of the supersymmetry-breaking sector, which is still the least-
understood part of the theory. It is customary to make the simplifying assumption that all
supersymmetry-breaking terms are flavor independent at some grand-unification scale, close
to the Planck mass. This is the case if, for instance, the Ka¨hler metric of the underling
supergravity theory is flat. In this case flavor-changing quark-squark-gluino couplings are
induced by renormalization effects, but their influence in kaon physics is negligible because
of the strong limits on gluino and squark masses from hadron colliders [11].
There is growing criticism of this point of view [12], since supergravity theories derived
from superstrings do not seem to have flat Ka¨hler metrics and do not seem to have flavor-
independent supersymmetry-breaking terms. However, if the supersymmetry-breaking terms
have a completely general structure in flavor space, they lead to corrections to K0 − K¯0
mixing larger than that allowed by experimental constraints. In this case there is need for a
suppression of the flavor-changing quark-squark-gluino coupling either by postulating some
form of flavor symmetry at the unification scale or by invoking some dynamical mechanism
to make squarks more degenerate in mass (e.g. the running from unification to weak scale
in a gaugino-dominated supersymmetry-breaking scenario).
In our analysis we will not be concerned about the fundamental mechanism which sup-
presses FCNC, but we will simply postulate, as we have done for CP violation, that, at the
weak scale, FCNC are absent at tree level. As discussed in the introduction, this hypothesis
of minimal CP and flavor violation enhances the predictivity of the model and largely sim-
plifies the analysis of QCD effects, since the operator basis of the effective Hamiltonian is the
same as in the SM. Let us now briefly present the theoretical framework in which we work,
the supersymmetric standard model with minimal CP and flavor violation, and establish our
notation.
By making a transformation on superfields, we choose a basis in which the up-quark mass
matrix mu is real and diagonal and the down-quark mass matrix is V md, where md is real
and diagonal and V is the CKM matrix. In this basis, the 6× 6 up- and down-squark mass
matrices are:
M˜2u =
(
m˜2uL +m
2
u Aumu
Aumu m˜
2
uR
+m2u
)
, (3)
3
M˜2d =
(
m˜2dL + V m
2
dV
† AdVmd
AdmdV
† m˜2dR +m
2
d
)
. (4)
Our minimal CP- and flavor-violation hypothesis states that, at the weak scale, the supersym-
metry-breaking terms m˜uL,R, m˜dL,R and Au,d are CP-conserving and flavor-independent, i.e.
real and proportional to the 3 × 3 identity matrix. If this hypothesis holds, there are no
tree-level flavor-violating quark-squark-gluino couplings at the weak scale. Because of the
strong constraints imposed by the real part of K0−K¯0 mixing, we know that this hypothesis
should be approximately satisfied, unless squarks or gluinos are very heavy.
The mass matrices eqs. (3)–(4) can be diagonalized according to
TuM˜
2
uT
†
u = diag
(
m˜2uLi + m˜
2
uRi
2
+m2ui +
Aumui
sin 2θui
,
m˜2uLi + m˜
2
uRi
2
+m2ui −
Aumui
sin 2θui
)
, (5)
TdM˜
2
dT
†
d = diag
(
m˜2dLi + m˜
2
dRi
2
+m2di +
Admdi
sin 2θdi
,
m˜2dLi + m˜
2
dRi
2
+m2di −
Admdi
sin 2θdi
)
, (6)
with i = 1, 2, 3 and where
Tu =
(
Cu Su
−Su Cu
)
, Td =
(
CdV
† Sd
−SdV † Cd
)
, (7)
Cu,d = diag
(
cos θu,di
)
, Su,d = diag
(
sin θu,di
)
, (8)
tan 2θu,di =
2Au,dm
u,d
i
m˜2uLi,dLi − m˜2uRi,dRi
. (9)
The chargino mass matrix is diagonalized by two orthogonal 2 × 2 matrices U and V ,
according to:
U
(
M mW
√
2 sin β
mW
√
2 cos β µ
)
V −1 =
(
m˜χ1 0
0 m˜χ2
)
, (10)
where tan β is the ratio of the two Higgs vacuum expectation values, M is the weak gaugino
mass, and µ is the Higgs superfield mixing parameter, taken here to be real.
In order to compute the relevant one-loop diagrams, we need the interaction of charginos
(χ˜j , j = 1, 2) with down quarks (d) and up squarks (u˜k, k = 1, 2) in terms of mass eigen-
states:
Lχ = gd¯V †
(
Zjk
1− γ5
2
+ Y jk
1 + γ5
2
)
χ˜
(−)
j u˜k + h.c., (11)
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Zjk =
md√
2mW cos β
Uj2

 cos θu
− sin θu


k
(12)
Y jk =
mu√
2mW sin β
Vj2

 sin θu
cos θu


k
− Vj1

 cos θu
− sin θu


k
, (13)
where flavor indices are understood. The CP- and flavor-violation properties of the interac-
tion Lagrangian in eq. (11) are determined by the familiar CKM matrix. This property is
satisfied also by the charged-Higgs interactions with quarks:
LH = g√
2mW
H+u¯
(
1
tanβ
muV
1− γ5
2
+ tan βV md
1 + γ5
2
)
d+ h.c. (14)
We conclude this section by summarizing the free parameters necessary to specify the
supersymmetric model, in addition to those of the SM. Whenever convenient, we choose to
redefine the original parameters and work with physical particle masses as input. For the
first two generations of up-squarks mu is negligible with respect to m˜uL,R and we will take
these squarks to be degenerate in mass, i.e. m˜uL ≃ m˜uR ≡ m˜. This is merely a simplifying
assumption which will not affect our conclusions. The mixing between the two stops cannot
be neglected. We choose as input parameters the lightest stop mass, mt˜, and the stop mixing
angle θ (which can be chosen in the range between 0 and π, without loss of generality). The
mass of the heavier stop (mT˜ ) is then given by:
m2T˜ = 2m˜+ 2m
2
t −m2t˜ . (15)
The chargino mass matrix is defined by three parameters: we choose them to be the lightest
chargino mass (mχ), the ratio of Higgs vacuum expectation values (tan β), and the weak
gaugino mass (M). The last free parameter is the charged-Higgs mass (MH+), while the
relevant H± couplings are completely determined once the value of tanβ is fixed. Therefore
the model requires seven input parameters: m˜, mt˜, θ, mχ, tan β, M, MH+ . Notice that
some of these seven free parameters may become related with one other if additional assump-
tions are made (specific relations at the GUT scale, constraints from electroweak symmetry
breaking, etc.). We prefer to treat them as independent variables in order to describe a
larger class of models.
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3 The parameter ǫ
The parameter ǫ gives a measure of the indirect CP-violation in kaon decays. It is defined
as
ǫ =
eipi/4√
2∆mK
ImM12, (16)
where M12 is the imaginary part of the off-diagonal element of the neutral kaon system
(K0, K¯0) mass matrix, and ∆mK is the KL −KS mass difference.
By evaluating the relevant ∆S = 2 box diagrams in figure 1a-b, we obtain
ǫ = eipi/4
G2F
12
√
2π2
f 2
K
mK
∆mK
BKm
2
W
∑
i
[
(Imλ2c)η
(i)
1 S
(i)(c, c)+
(Imλ2t )η
(i)
2 S
(i)(t, t) + 2(Imλcλt)η
(i)
3 S
(i)(c, t)
]
(17)
where λi = V
∗
idVis, fK = 161 MeV is the kaon decay constant, and BK is the non-perturbative
parameter which defines the normalization of the relevant hadronic matrix element in units
of the vacuum-insertion value. The coefficients ηi include the QCD corrections to the box
diagrams and are given in table 1. The values of ηi for the box diagrams involving squarks
and charginos are all equal to the SM value of η2 because we are assuming that the super-
symmetric particles are integrated out at the scale of the W boson.
The functions S(i)(c, t) result from calculation of the box diagrams with exchange of
quarks and two W bosons (WW ), two charged Higgs bosons (HH), one W and one charged
Higgs (HW ), and with exchange of squarks and charginos (χ):
SWW (c, t) = S(xcW , xtW )
SHH(c, t) =
xHW
4 tan4 β
L2(xcW , xtW , 1)
SHW (c, t) =
2
tan2 β
[
1
4
L2(xcW , xtW , xHW )− L1(xcW , xtW , xHW )
]
Sχ(c, t) = f(u, u)− f(u, c)− f(u, t) + f(c, t)
f(c, t) =
∑
i,j=1,2
h,k=1,2
xWχj
4
Yic˜hYit˜kYjc˜hYjt˜kL3(xt˜kχj , xc˜hχj , xχiχj). (18)
We have denoted xab ≡ m2a/m2b for generic indices a, b, and have collected the functions S
and L1,2,3 in the appendix. The expressions for the charged-Higgs contributions to short-
distance effects given in this and the next section agree with ref. [6], and the expressions for
the chargino contributions agree with the existent literature whenever results are available
(see, in particular, ref.[13]).
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For a given set of supersymmetric parameters, one can compare the theoretical prediction
for ǫ in eq. (17) with the experimental result and then determine δ, the CP-violating phase in
the “standard” representation [14] of the CKM matrix. In general one obtains two solutions
for δ but, in most of the parameter space, one of them is ruled out by the experimental data
on B0 − B¯0 mixing and on the b→ sγ branching ratio.
The B0 − B¯0 mixing is determined by the box diagrams in figure 1c-d in a manner
analogous to ǫ:
xd ≡ ∆mB
ΓB
= τB
G2F
6π2
ηQCDmBBBf
2
Bm
2
W
|Vtd|2
∑
i
S(i)(t, t). (19)
We take mB = 5.28 GeV, the perturbative QCD correction parameter ηQCD = 0.84, and the
experimental determination from ARGUS [15] and CLEO [16] for xd = 0.70± 0.13.
The expression for the decay rate of b → sγ in supersymmetry can be found in ref.
[13] (or, in a notation very similar to the one employed here, in ref. [17]) and will not be
repeated here. In our analysis we will impose the constraint on the inclusive branching ratio
BR(b → sγ) < 5.4 × 10−4 obtained by CLEO [18]. The numerical results will be presented
in sect. 5.
4 The parameter ǫ′
The parameter ǫ′ gives a measure of the direct CP-violation in kaon decays. It is defined as
follows:
ǫ′ = − ω√
2
ξ (1− Ω) eiφ˜, (20)
where
ξ =
ImA0
ReA0
, ω =
ReA2
ReA0
, Ω =
1
ω
ImA2
ImA0
, φ˜ =
π
2
+ δ2 − δ0 ≃ π
4
. (21)
AI and δI are the amplitudes and final state interaction phases for the decay K → (ππ)I ,
where I denotes the isospin of the final pion state. Experimentally one has
ReA0 = 3.3× 10−7GeV, ω ≃ 1/22. (22)
The procedure to relate the amplitudes in eq. (20) to the QCD-improved ∆S = 1 effec-
tive Hamiltonian is by now standard [19, 21] We will follow the method illustrated in ref.
[21], briefly review its results, and show where modifications due to the supersymmetric
contributions are necessary.
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In the SM, after integrating out the heavy degrees of freedom at the scale of theW boson,
the tree-level ∆S = 1 Hamiltonian becomes:
H∆S=1eff =
GF√
2
VudV
∗
us
[
(1− τ) (Qu2 −Qc2) + τ
(
Qu2 −Qt2
)]
, (23)
where
τ = − VtdV
∗
ts
VudV ∗us
, Qq2 = (s¯q)V−A (q¯d)V−A , q = u, c, t. (24)
With QCD corrections taken into account, the effective Hamiltonian at an energy scale
µ below the charm mass is obtained by replacing in eq. (23) the operators Qq2 with the
renormalized four-fermion operators Qi(µ) as follows:
(Qu2 −Qc2)→
10∑
i=1
zi(µ)Qi(µ),
(
Qu2 −Qt2
)
→
10∑
i=1
vi(µ)Qi(µ). (25)
In eq. (25), vi(µ) and zi(µ) correspond to the relevant Wilson coefficients and the complete
basis used for the operators Qi is
Q1 = (s¯d)V−A(u¯u)V−A, Q2 = (s¯u)V−A(u¯d)V−A,
Q3 = (s¯d)V−A
∑
q=u,d,s
(q¯q)V−A, Q4 =
∑
q=u,d,s
(s¯q)V−A(q¯d)V−A,
Q5 = (s¯d)V−A
∑
q=u,d,s
(q¯q)V+A, Q6 = − 8
∑
q=u,d,s
(s¯LqR)(q¯RdL),
Q7 =
3
2
(s¯d)V−A
∑
q=u,d,s
eq(q¯q)V+A, Q8 = − 12
∑
q=u,d,s
eq(s¯LqR)(q¯RdL),
Q9 =
3
2
(s¯d)V−A
∑
q=u,d,s
eq(q¯q)V−A, Q10 =
3
2
∑
q=u,d,s
eq(s¯q)V−A(q¯d)V−A, (26)
where eq is the electric charge of the quark q, (V ± A) refer to γµ(1 ± γ5), and qL,R =
1/2(1 ± γ5)q. We neglect here magnetic-moment operators [22], since their contribution is
unimportant for our purposes.
In general we can therefore write the effective ∆S = 1 Hamiltonian at the scale µ as
H∆S=1eff =
GF√
2
VudV
∗
us
10∑
i=1
Ci(µ)Qi(µ), (27)
where
Ci(µ) = zi(µ) + τyi(µ); yi(µ) ≡ vi(µ)− zi(µ). (28)
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The Wilson coefficients Ci are chosen to match the short-distance contribution at the ap-
propriate scale where heavy particles are integrated out, and then evolved using the renor-
malization group equation:[
µ
∂
∂µ
+ β(g)
∂
∂g
− γˆT (g2, α)
]
~C
(
m2
W
µ2
, g2, α
)
= 0, (29)
where ~C stands for a ten-dimensional vector, β(g) is the QCD beta function, and α is the
electromagnetic coupling constant (the running of α is neglected). In this paper we use the
anomalous-dimension matrix γˆT (g2, α) at the leading order in QCD and QED as given in ref.
[21], although it is now known at the next-to-leading order [9]. This is perfectly adequate, in
view of the large intrinsic uncertainty due to the ignorance of the supersymmetric parameters
and to the inescapable model-dependence. Our aim here is just to illustrate the trend of the
supersymmetric corrections to ǫ′/ǫ.
The modifications caused by supersymmetry appear only in the boundary conditions
of the Wilson coefficients, which are computed through the appropriate one-loop Feynman
diagrams in figure 2. In our analysis we will impose the boundary conditions at the scale
µ = mW , although strictly speaking they should apply to the energy scale at which the heavy
particles are integrated out. The threshold corrections, originating from this mismatch of
energy scales and certainly present in any realistic theory with a non-degenerate mass-
spectrum, are numerically not very significant, since the running of αs in the region above
mW is not very steep. In the HV renormalization scheme, the boundary conditions for the
Wilson coefficients in the minimal supersymmetric model are given by:
v1(mW ) =
αs(mW )
16π
(14− Bg˜)
v2(mW ) = 1
v3(mW ) =
α
6π
1
sin2 θW
(
B(d) +
B(u)
2
+ C
)
− αs(mW )
24π
E
v4(mW ) =
αs(mW )
8π
E
v5(mW ) = −αs(mW )
24π
E
v6(mW ) =
αs(mW )
8π
E
v7(mW ) =
α
6π
(4C +D)
v8(mW ) = 0
v9(mW ) =
α
6π
[
4C +D +
1
sin2 θW
(
−B(d) +B(u) − 4C
)]
9
v10(mW ) = 0 (30)
and
z1(mW ) = v1(mW ), z2(mW ) = v2(mW ), zi(mW ) = 0, i = 3, 10. (31)
The functions which include the contributions from photon-penguins (D), Z-penguins (C),
gluon-penguins (E), boxes with external down quarks (B(d)) and up quarks (B(u)), and
gluino-mediated boxes (B(g˜)) are given by:
D = DSM(xtW ) +
1
tan2 β
DH(xtH) +
∑
j=1,2
k=1,2
[
Y 2jt˜kxW t˜kDχ(xχj t˜k)−
(
t˜→ c˜
)]
(32)
C = CSM(xtW ) +
xtW
tan2 β
CH(xtH) +
∑
i,j=1,2
h,k=1,2
[
Yjt˜kYit˜h
{
1
2
δij∆hkC
(1)
χ (xt˜hχj , xt˜kχj)
+ δhk
[
Ui1Uj1C
(2)
χ (xχj t˜k , xχi t˜k) + Vi1Vj1
(
1
16
logm2t˜k − C(1)χ (xχj t˜k , xχi t˜k)
)]}
−
(
t˜→ c˜
)]
(33)
E = ESM(xtW ) +
1
tan2 β
EH(xtH) +
∑
j=1,2
k=1,2
[
Y 2jt˜kxW t˜kEχ(xχj t˜k)−
(
t˜→ c˜
)]
(34)
B(d) = −2BSM(xtW ) + 1
8
∑
i,j=1,2
h,k=1,2
Yju˜hYiu˜hxWχj
[
Yjt˜kYit˜kB
(d)
χ (xt˜kχj , xu˜hχj , xχiχj)
−
(
t˜→ c˜
)]
(35)
B(u) = 8BSM(xtW ) +
1
4
∑
i,j=1,2
h,k=1,2
Uj1Ui1xWχj
√
xχiχj
[
Yjt˜kYit˜kB
(u)
χ (xt˜kχj , xd˜hχj , xχiχj)
−
(
t˜→ c˜
)]
(36)
B(g˜) =
∑
i=1,2
h,k=1,2
∆hkxWg
[(
V 2i1 + U
2
i1
)
B(d)χ (xχig, xu˜kg, xu˜hg)
+ 2
mχi
mg
Vi1Ui1B
(u)
χ (xχig, xu˜kg, xu˜hg)
]
, (37)
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where ∆hk = 1 for h = k and ∆hk = −1 for h 6= k. Finally, the explicit form of the functions
resulting from loop integration is given in the appendix.
Notice that the supersymmetric box diagrams contribute to the operators Q3 and Q9 via
two different functions B(u) and B(d), as opposed to the SM case where a single function
(BSM) appears. The function B
(g˜) accounts for the contribution of the box diagrams with
a gluino, a chargino, and two squarks as internal lines. These diagrams exist also in the
limit of flavor-conserving gluino vertices, in which we are working. In order not to further
increase the number of free parameters, we have chosen to relate the gluino mass (mg˜) to
the M parameter defined in sect. 2 through the GUT relation:
mg˜ =
αs(mW ) sin θWM
α(mW )
. (38)
This assumption is however inessential, because the gluino-box contribution to ǫ′/ǫ is com-
pletely negligible.
Using the effective Hamiltonian H∆S=1eff of eq. (27), we recast eq. (20) in the form
ǫ′
ǫ
= Imλt
GF ω
2|ǫ|ReA0y6(µ) 〈Q6(µ)〉0
(
1− Ω
)
(39)
Ω ≡ Ωη+η′ −
∑
i=1,10
i 6=6
yi(µ) 〈Qi(µ)〉0
y6(µ) 〈Q6(µ)〉0
+
1
ω
∑
i=1,10
yi(µ) 〈Qi(µ)〉2
y6(µ) 〈Q6(µ)〉0
, (40)
where Ωη+η′ is the contribution from π−η−η′ mixing, here taken to be Ωη+η′ = 0.25±0.05.
Following a general convention, we have factored out the dominant contribution from the
operator Q6 and call Ω the correction due to the other operators.
In our numerical analysis, we set the renormalization scale µ at 1 GeV. In order to
evaluate eq. (39), we need the relevant hadronic matrix elements at that scale:
〈Qi〉I ≡ 〈(ππ)I |Qi|K〉 I = 0, 2, (41)
where I is the total isospin of the final pion-pion state. In the future, lattice calculations
should provide the most reliable evaluation of hadronic matrix elements. For the moment
we prefer to follow the approach of ref. [3].
The strategy is to compute the matrix elements 〈Qi〉I at the mc scale and then, using
the QCD evolution, to obtain the matrix elements at the scale µ < mc. The advantages of
this method are explained in detail in ref. [3]. Starting at µ = mc one finds [3]:
〈Q1〉0 = −
1
9
XB
(1/2)
1 , 〈Q2〉0 =
5
9
XB
(1/2)
2 , 〈Q3〉0 =
1
3
XB
(1/2)
3 ,
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〈Q4〉0 = 〈Q3〉0 + 〈Q2〉0 − 〈Q1〉0 , 〈Q5〉0 =
1
3
B
(1/2)
5
〈
Q6
〉
0
,
〈Q6〉0 = −4
√
3
2
[
m2
K
ms(µ) +md(µ)
]2
fpi
k
B
(1/2)
6 ,
〈Q7〉0 = −
[
1
6
〈
Q6
〉
0
(k + 1)− X
2
]
B
(1/2)
7 ,
〈Q8〉0 = −
[
1
2
〈
Q6
〉
0
(k + 1)− X
6
]
B
(1/2)
8 ,
〈Q9〉0 =
3
2
〈Q1〉0 −
1
2
〈Q3〉0 , 〈Q10〉0 = 〈Q2〉0 +
1
2
〈Q1〉0 −
1
2
〈Q3〉0 , (42)
〈Q1〉2 = 〈Q2〉2 =
4
√
2
9
XB
(3/2)
1 , 〈Qi〉2 = 0 i = 3, ..., 6,
〈Q7〉2 = −
[
k
6
√
2
〈
Q6
〉
0
+
X√
2
]
B
(3/2)
7 ,
〈Q8〉2 = −
[
k
2
√
2
〈
Q6
〉
0
+
√
2
6
X
]
B
(3/2)
8 ,
〈Q9〉2 = 〈Q10〉2 =
3
2
〈Q1〉2 , (43)
where
k =
Λ2χ
m2
K
−m2pi
≃ 4.55
X =
√
3
2
fpi
(
m2
K
−m2pi
)
= 3.71× 10−2GeV3
〈
Q6
〉
0
=
〈Q6〉0
B
(1/2)
6
(44)
and B
(1/2)
i , B
(3/2)
i stand respectively for the ∆I = 1/2, 3/2 transitions.
These matrix elements are obtained using the vacuum-insertion approximation and soft-
pion theorems, with all of the non-perturbative information included in the Bi parameters.
We will use the following values at the scale µ = mc [3]:
B
(1/2)
1 = 5.2, B
(1/2)
2 = 5.8± 1.1, B(1/2)6 = 1± 0.2,
B
(3/2)
1 = 0.55, B
(3/2)
8 = 1± 0.2. (45)
The remaining Bi parameters play only a minor role in the analysis of ǫ
′/ǫ and we will set
them equal to 1.
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5 Results
It is well known [20, 21], [3, 4] that the SM value of ǫ′/ǫ is typically of order 10−4 for
mt = 150−190 GeV, decreases for increasing mt, and becomes zero for mt = 200−220 GeV.
This accidental cancellation occurs because the parameter Ω in eq. (39) approaches 1 as the
top quark mass reaches these large values.
There are two main sources of uncertainty in the SM prediction for ǫ′/ǫ. One affects
the Wilson coefficients and comes from uncertainties in SM parameters such as the CKM
angles, mt, ms, and ΛQCD. As measurements on these parameters become more precise, the
calculations of the Wilson coefficients stand on firmer ground. We summarize in table 2 the
SM parameter values (and their relative errors) chosen for our numerical analysis.
The second source of uncertainty stems from the hadronic matrix elements, i.e. from the
Bi parameters discussed in sect. 4. At present lattice calculations seem to be the only tool
capable of significantly reducing errors.
Our goal in this paper is to study the effect of supersymmetry on ǫ′/ǫ. Because of the
cancellation mentioned above, the SM value of ǫ′/ǫ is typically smaller than its separate
contributions. In this situation, new-physics effects have the chance to emerge and increase
significantly the total result.
In our analysis we will vary in the experimentally-allowed region the seven free parameters
of the minimal supersymmetric model defined in sect. 2. The parameters are subject to the
constraints that all charged supersymmetric particle masses be heavier than mZ/2 and that
the common squark mass satisfy the CDF bound m˜ > 126 GeV [11]. We also use the tree-
level mass bound MH+ > mW obeyed by the supersymmetric charged Higgs boson and the
bound tan β > 1 implied by radiative electroweak symmetry breaking.
Since we are interested here in studying the trend of the supersymmetric corrections, we
start by fixing the SM input parameters to the central values given in table 2. As can be
seen from eq. (39), there are three sources of new-physics corrections to ǫ′/ǫ: the CKM phase
(Imλt), the strong penguin (y6), and the rest of the electroweak contribution (Ω). Let us
first consider the CKM phase δ, which is determined by the ǫ parameter, eq. (17).
By scanning over the supersymmetric parameter space, we obtain the allowed region of δ
shown as a function ofmsusy in fig. 3a (forMH+ = 80 GeV) and in fig. 3b (forMH+ =∞), for
mt = 174 GeV. We have defined msusy as the mass of the lightest charged supersymmetric
particle (either the chargino or the stop). With this definition, it is easy to see from fig. 3
how improvements on the experimental limits on supersymmetric particle masses (e.g. from
LEP 200) will affect the allowed range of δ. The two SM solutions for cos δ correspond to
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the minimum values allowed by the supersymmetric bands in fig. 3b. In other words, the
presence of supersymmetry has the effect of reducing the value of sin δ, both for the solution
in the first quadrant (cos δ > 0) and in the second quadrant (cos δ < 0); the lighter the
charged Higgs, the stronger the reduction. Since ǫ′/ǫ is proportional to sin δ, this has the
effect of decreasing ǫ′/ǫ, as discussed below. If the constraints from B0 − B¯0 mixing and
b → sγ are imposed, only the solution in the first quadrant survives, as shown in fig. 4.
This is true only because we have fixed the SM parameters at their central values. If all
uncertainties are properly taken into account, some solutions for δ in the second quadrant
can still be found. In general however a heavy top disfavors solutions with cos δ < 0, unless
fB is small.
The impact of supersymmetry on the prediction for ǫ′/ǫ is illustrated in fig. 5. This shows
the allowed range of ǫ′/ǫ as a function of msusy for MH+ = 80 GeV (fig. 5a) and MH+ =∞
(fig. 5b) withmt = 174 GeV and with the parameters subject to the constraints from B
0−B¯0
mixing and b→ sγ. In fig. 5a the strong reduction of ǫ′/ǫ in the presence of a relatively light
charged Higgs is apparent. This is partly caused by the decrease in sin δ mentioned above.
However the main reason for such small values of ǫ′/ǫ is that Ω can approach 1, allowing
a complete cancellation for values of mt smaller than that found in the SM. As shown in
fig. 5a, ǫ′/ǫ can even reach negative values if MH+ is small enough. The charged-Higgs effect
on ǫ′/ǫ has already been studied by the authors of ref.[6] and we confirm here their results.
As discussed above, the chargino contribution has always the effect to lower sin δ. How-
ever, depending on the choice of the supersymmetric parameters, the chargino contribution
to Ω can have either sign. As a consequence, ǫ′/ǫ in supersymmetry can also be enhanced
with respect to the SM value, as seen in fig. 5. This enhancement is numerically rather small,
at most 40%. For comparison, the SM value of ǫ′/ǫ, which can be read in fig. 5b in the limit
msusy → ∞, corresponds to the leading-order calculation. We recall that next-to-leading
effects tend to suppress even further the value of ǫ′/ǫ [3, 4].
In tables 3 and 4 we report the values of the three different contributions sin δ, Ω, and
y6 〈Q6〉0 corresponding to the minimum and maximum values of ǫ′/ǫ. Notice that the main
effect of supersymmetry resides in sin δ and Ω, while y6 〈Q6〉0 is never reduced by more than
5%. Finally fig. 6 shows how the prediction for ǫ′/ǫ is affected as the constraints from B0−B¯0
mixing and b→ sγ are removed.
It is interesting to know for which values of the supersymmetric parameters ǫ′/ǫ reaches
its minimum and maximum. The charged-Higgs contribution is maximized for the minimum
allowed values of MH+ and tanβ, respectively equal to mW and 1. Notice that all charged-
Higgs contributions are proportional to 1/ tan2 β and therefore rapidly decrease as tan β
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increases. The chargino contribution is typically maximized when the chargino and the
lightest stop masses are small (i.e. of the order of msusy) and m˜→∞. In this limit, flavor
symmetry is indeed maximally broken. Also the chargino contribution minimizes ǫ′/ǫ for
tan β = 1 and maximizes it for tan β in the range 3-5.
Next we want to take into account the experimental and theoretical errors of the SM input
parameters. We have used the following approach. We first fix the SM parameters to their
central values and, for given msusy and MH+ , we compute the supersymmetric parameters
which respectively minimize and maximize the contribution to ǫ′/ǫ. Then, keeping these
values of the supersymmetric parameters fixed, we generate a large number of configurations
using gaussian and flat distributions for the SM inputs with respectively experimental and
theoretical errors. We obtain an event distribution for ǫ′/ǫ, from which we can compute
the average value and standard deviation. Notice that by following this procedure we are
averaging over solutions with positive and negative cos δ, both of which are allowed when
the uncertainties on the SM inputs are taken into account.
The results are shown in tables 5–7, for three values of the top quark mass, mt =
150, 174, 190 GeV, imposing the constraints from B0−B¯0 mixing and b→ sγ. The effect of
relaxing these constraints is illustrated in table 8. We observe that the enhancement of ǫ′/ǫ in
supersymmetry is indistinguishable from the SM result within a standard deviation, even in
the most favorable casemt = 190 GeV. On the other hand, the depletion of ǫ
′/ǫ is substantial
and statistically significant. Unfortunately the experimental sensitivity is presently not
sufficient to identify such small values of ǫ′/ǫ.
6 Conclusions
We have studied the corrections to ǫ′/ǫ in the supersymmetric model with minimal CP and
flavor violation at the leading order in QCD and QED. Our results are the following.
Supersymmetry can enhance the SM prediction for ǫ′/ǫ by at most 40% for mt = 174
GeV and up to 60% for mt = 190 GeV. This enhancement is of the same order of magnitude
as the SM prediction within one standard deviation and therefore it is not experimentally
distinguishable. In this respect, minimal supersymmetry cannot explain a value of ǫ′/ǫ as
large as the one suggested by the NA31 measurement [1]. The enhancement is caused by a
reduction of the electroweak factor Ω and it is attained for chargino and stop masses just
beyond the LEP limit, with all the other squarks and the charged Higgs considerably heavier.
The most conspicuous effect of minimal supersymmetry is however a strong depletion of
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ǫ′/ǫ. For certain choices of supersymmetric parameters, vanishing and even small negative
values of ǫ′/ǫ can be obtained for the top quark in the CDF range [5], mt = 150 − 190
GeV. Unfortunately sensitivity to values of ǫ′/ǫ below 10−4 represents experimentally a very
challenging proposition. This depletion is caused by a reduction of the value of sin δ extracted
from ǫ and by an increase in the electroweak correction Ω, which can become equal to 1 or
larger. From the short-distance point of view, the dominant corrections at the origin of the
ǫ′/ǫ depletion come from a light charged Higgs, and from charginos and stops just beyond
the LEP limit.
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Appendix A
In this appendix we give the expressions for the functions which enter the penguin and box
diagrams.
Box(∆ S=2 )
S(x, y) = xy
{[
1
4
+
3
2
1
1− x −
3
4
1
(1− x)2
]
log x
x− y + (x↔ y)−
3
4
1
(1− x)(1− y)
}
L1(x, y, z) = xy [F (x, y, z) + F (y, z, x) + F (z, x, y)]
L2(x, y, z) = xy [xF (x, y, z) + yF (y, z, x) + zF (z, x, y)]
L3(x, y, z) =
1
xy
L2(x, y, z)
F (x, y, z) =
x log x
(x− 1)(x− y)(x− z)
Box(∆ S=1)
BSM(x) = − x
4(x− 1) +
x
4(x− 1)2 log x
Buχ(x, y, z) = −
1
xy
L1(x, y, z)
Bdχ(x, y, z) = L3(x, y, z)
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γ-penguin
DSM(x) =
x2 (25− 19x)
36 (x− 1)3 +
(−3x4 + 30x3 − 54x2 + 32x− 8)
18 (x− 1)4 log x
DH(x) =
x (47x2 − 79x+ 38)
108 (x− 1)3 +
x (−3x2 + 6x− 4)
18 (x− 1)4 log x
Dχ(x) =
(−43x2 + 101x− 52)
108 (x− 1)3 +
(2x3 − 9x+ 6)
18 (x− 1)4 log x
Z0-penguin
CSM(x) =
x (x− 6)
8 (x− 1) +
x (3x+ 2)
8 (x− 1)2 log x
CH(x) = −1
2
BSM(x)
C(1)χ (x, y) =
1
16 (y − x)
[
x2
x− 1 log x−
y2
y − 1 log y
]
C(2)χ (x, y) =
√
xy
8 (y − x)
[
x
x− 1 log x−
y
y − 1 log y
]
Gluon-penguin
ESM(x) =
x (x2 + 11x− 18)
12 (x− 1)3 +
(−9x2 + 16x− 4)
6 (x− 1)4 log x
EH(x) =
x (7x2 − 29x+ 16)
36 (x− 1)3 +
x (3x− 2)
6 (x− 1)4 log x
Eχ(x) =
(−11x2 + 7x− 2)
36 (x− 1)3 +
x3
6 (x− 1)4 log x
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WW HH HW χ
η1 0.85 0.07 0.21 0.62
η2 0.62 0.62 0.62 0.62
η3 0.36 0.21 0.21 0.62
Table 1: Numerical values for the parameters ηi which represent the QCD corrections to
box diagrams.
BK |Vcb| |Vub/Vcb| ms (GeV) Ωη+η′ Λ(4)QCD (GeV)
0.65± 0.15 0.040± 0.004 0.09± 0.04 0.15± 0.03 0.25± 0.05 0.3± 0.1
Table 2: Numerical values for the relevant input parameters of the SM used in ǫ and ǫ′/ǫ
msusy (GeV) MH+ (GeV) sin δ Ω y6 〈Q6〉0
(
GeV3
)
(ǫ′/ǫ)min
45 80 0.567 1.08 2.71×10−2 -6.28×10−5
45 ∞ 0.567 0.784 2.64×10−2 1.65×10−4
60 ∞ 0.553 0.721 2.69×10−2 2.10×10−4
100 ∞ 0.822 0.745 2.81×10−2 3.00×10−4
∞ ∞ 0.978 0.682 2.85×10−2 4.50×10−4
Table 3: The minimum values of ǫ′/ǫ and the corresponding values of sin δ, Ω and y6 〈Q6〉0
for different values of msusy and MH+ for mt = 174GeV. The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
msusy (GeV) MH+ (GeV) sin δ Ω y6 〈Q6〉0
(
GeV3
)
(ǫ′/ǫ)max
45 80 0.798 0.446 2.78×10−2 6.26×10−4
45 ∞ 0.737 0.355 2.75×10−2 6.64×10−4
60 ∞ 0.781 0.435 2.77×10−2 6.24×10−4
100 ∞ 0.878 0.555 2.80×10−2 5.57×10−4
∞ ∞ 0.978 0.682 2.85×10−2 4.50×10−4
Table 4: The maximum values of ǫ′/ǫ and the corresponding values of sin δ, Ω and y6 〈Q6〉0
for different values of msusy and MH+ for mt = 174GeV. The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
20
msusy (GeV) MH+ (GeV) (ǫ
′/ǫ)min × 104 (ǫ′/ǫ)max × 104
45 80 1.40± 1.30 7.24± 2.80
45 ∞ 3.32± 1.80 7.30± 2.83
60 ∞ 3.82± 2.09 7.14± 2.80
100 ∞ 5.00 ± 2.43 6.83± 2.73
∞ ∞ 6.49± 2.71 6.49± 2.71
Table 5: The minimum and maximum average values of ǫ′/ǫ and their standard deviations
for different values of msusy and MH+ for mt = 150GeV. The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
msusy (GeV) MH+ (GeV) (ǫ
′/ǫ)min × 104 (ǫ′/ǫ)max × 104
45 80 -0.432± 1.04 5.44± 2.60
45 ∞ 1.51± 1.14 5.68± 2.66
60 ∞ 1.92± 1.33 5.41± 2.57
100 ∞ 2.75± 1.81 5.03± 2.46
∞ ∞ 4.27± 2.29 4.27± 2.29
Table 6: The minimum and maximum average values of ǫ′/ǫ and their standard deviations
for different values of msusy and MH+ for mt = 174GeV. The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
msusy (GeV) MH+ (GeV) (ǫ
′/ǫ)min × 104 (ǫ′/ǫ)max × 104
45 80 -1.44± 1.28 4.32± 2.23
45 ∞ 0.61± 0.83 4.65± 2.43
60 ∞ 0.99 ± 0.94 4.39± 2.32
100 ∞ 1.48 ± 1.38 3.80 ± 2.10
∞ ∞ 2.84± 1.93 2.84 ± 1.93
Table 7: The minimum and maximum average values of ǫ′/ǫ and their standard deviations
for different values of msusy and MH+ for mt = 190GeV. The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
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msusy (GeV) MH+ (GeV) (ǫ
′/ǫ)min × 104 (ǫ′/ǫ)max × 104
45 80 -0.440± 1.05 5.39± 2.67
45 ∞ 1.51± 1.18 5.62± 2.76
60 ∞ 1.92± 1.37 5.37± 2.67
100 ∞ 2.72± 1.81 4.90± 2.51
∞ ∞ 4.17± 2.33 4.17± 2.33
Table 8: The minimum and maximum average values of ǫ′/ǫ and their standard deviations
for different values of msusy and MH+ for mt = 174GeV. The parameters are not subject to
the constraints from B0 − B¯0 mixing and b→ sγ.
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Figure 1: The box diagrams ∆S = 2 (a-b) and ∆B = 2 (c-d) for ǫ and B − B¯ mixing
respectively, in the minimal supersymmetric SM.
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Figure 2: The penguin (a-d) and the box (e-i) diagrams for ǫ′/ǫ in the minimal supersym-
metric SM.
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Figure 3: The bounds of cos δ as a function of msusy for the charged Higgs mass MH =
80GeV and MH =∞ respectively in figure a) and b). The parameters are not subject to the
constraints from B0 − B¯0 mixing and b→ sγ.
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Figure 4: The bounds of cos δ as a function of msusy for the charged Higgs mass MH =
80GeV and MH = ∞ respectively in figure a) and b). The parameters are subject to the
constraints from B0 − B¯0 mixing and b→ sγ and the solution for cos δ < 0 is excluded.
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Figure 5: The bounds of ǫ′/ǫ with cos δ > 0 as a function of msusy for the charged Higgs
mass MH = 80GeV and MH = ∞ respectively in figure a) and b). The parameters are
subject to the constraints from B0− B¯0 mixing and b→ sγ and the solution for cos δ < 0 is
excluded.
26
Figure 6: The bounds of ǫ′/ǫ as a function ofmsusy for the charged Higgs massMH = 80GeV
and MH = ∞ respectively in figure a) and b). The solid and dashed curves correspond to
the solutions with cos δ > 0 and cos δ < 0 respectively. The parameters are not subject to
the constraints from B0 − B¯0 mixing and b→ sγ.
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